Transition metals Ti, Zr, and Hf have a hexagonal close-packed structure () at ambient conditions, but undergo phase transformations with increasing temperature and pressure. Of particular significance is the high-pressure hexagonal ! phase which is brittle compared to the phase. There has been a long debate about transformation mechanisms and orientation relations between the two crystal structures. Here we present the first high pressure experiments with in situ synchrotron x-ray diffraction texture studies on polycrystalline aggregates. We follow crystal orientation changes in Zr, confirming the original suggestion by Silcock for an ! ! martensitic transition for Ti, with ð0001Þ jjð11 20Þ ! , and a remarkable orientation memory when ! reverts back to . At ambient conditions transition metals such as titanium, zirconium, and hafnium crystallize in a distorted hexagonal close-packed structure (). These metals have received a great deal of attention, particularly due to the importance of Ti as a light structural metal, and Zr and Hf as components of nuclear reactors. At high temperature the phase of these metals transforms to a body-centered-cubic (bcc) structure (), while at high pressure it converts to a different hexagonal structure (!) (Fig. 1) . The ! ! transition is significant from a mechanistic point of view, since the phase is ductile and the ! phase is brittle. The ! phase was first discovered in Ti alloys that were quenched from the high temperature structure [1] . Later, static high pressure experiments established that the ! structure is stable at high pressure [2] [3] [4] [5] , which was further confirmed by shock experiments [6] . In all previous experiments the ! phase did not revert to the phase at pressure release and was analyzed at ambient conditions. The phase relations of Zr have been studied experimentally and equations of state were established [7, 8] .
At ambient conditions transition metals such as titanium, zirconium, and hafnium crystallize in a distorted hexagonal close-packed structure (). These metals have received a great deal of attention, particularly due to the importance of Ti as a light structural metal, and Zr and Hf as components of nuclear reactors. At high temperature the phase of these metals transforms to a body-centered-cubic (bcc) structure (), while at high pressure it converts to a different hexagonal structure (!) (Fig. 1) . The ! ! transition is significant from a mechanistic point of view, since the phase is ductile and the ! phase is brittle. The ! phase was first discovered in Ti alloys that were quenched from the high temperature structure [1] . Later, static high pressure experiments established that the ! structure is stable at high pressure [2] [3] [4] [5] , which was further confirmed by shock experiments [6] . In all previous experiments the ! phase did not revert to the phase at pressure release and was analyzed at ambient conditions. The phase relations of Zr have been studied experimentally and equations of state were established [7, 8] .
The electronic transfer between the broad sp band and the much narrower d band in group IV transition metals is a likely driving force behind structural transitions [9] and has stimulated a large number of molecular dynamic investigations that explore the changes in bonding [10] [11] [12] [13] .
The hexagonal ! structure has been described as a distorted bcc structure [14, 15] which can be achieved by displacing atoms in the structure (Fig. 1) . Orientation relationships between and ! were explored with x-ray diffraction [1] , transmission electron microscopy [16, 17] , and ab initio calculations [18] to investigate the martensitic nature of the transformation. While orientation changes and texture memory in the ! phase transition in Ti have been extensively studied in situ [19] , and a martensitic mechanism described by Burgers [20] is firmly established with the topotactic relations ð0001Þ jjf110g , i.e., the (0001) plane in becomes equivalent to the {110} planes in , and h11 20i jjh1 11i , there is still considerable debate about the martensitic mechanism during the ! ! transformation. For Ti the mechanism originally suggested by Silcock [1] Table I .
week ending 8 NOVEMBER 2013 of electronic structures by Trinkle et al. [18] where ð0001Þ jjð01
11Þ ! and ½11 20 jj½01 11 ! . While previous investigations relied on observations of orientation relations in single crystals and modeling of bonding energies, here we apply high pressure and temperature diffraction experiments on polycrystals to explore in situ crystallographic orientation development and changes during the ! ! and ! ! phase transitions in Zr. This work is an extension of previous experiments on hcp metals to determine the role of pressure on deformation mechanisms [21] , including "-iron (hcp) [22] .
The first set of experiments was conducted with a multi anvil apparatus, the Deformation-DIA (D-DIA) at beam line 13-BM-D of the Advanced Photon Source, which allows for relatively large samples and flexibility in controlling the loading history [23] . The D-DIA consists of three pairs of tungsten carbide anvils, one of which can be controlled independently, enabling users to change differential stress independent of quasi-hydrostatic pressure. Cylindrical samples of high purity (99.9%) Zr wire, obtained from ESPI Metals (K5957j), 0.5 mm in diameter, were cut to 0.8 mm length. The sample was loaded into a cubic boron-nitride sleeve, capped with alumina pistons, and set inside of a cylindrical graphite heater in a cubic pressure medium made of a mixture of amorphous boron and epoxy (BE). Pyrophyllite gaskets at the edges of the BE cube were used to maintain alignment of the BE cube in the x-ray beam, and their peaks also appear in diffraction patterns. An x-ray beam of wavelength 0.20663 Å was collimated to 200 Â 200 m. Diffraction images were recorded on a Mar165 charge-coupled device for 300 sec. This detector was binned to 2048 Â 2048 pixels with a pixel size of 0.079 mm. In addition, x-ray radiography recorded the changes of wire length, providing a direct measure of macroscopic axial strain ("), defined as "ð%Þ ¼ 100 Â ð1 À l=l 0 Þ, where l 0 is the initial sample length after quasi-hydrostatic compression.
The second experiment was done with a diamond anvil cell (DAC) in radial diffraction geometry at beam line 12.2.2 of the Advanced Light Source [24] . A monochromatic x-ray beam with wavelength 0.49594 Å was focused to 20 Â 20 m and used to penetrate through an x-ray transparent boron-kapton gasket and the same polycrystalline sample of Zr. Without inserting a pressure medium, diamond anvils impose a differential compressive stress in addition to hydrostatic pressure, causing crystals to reorient. Diffraction images were recorded with a Mar345 image plate detector binned to 3450 Â 3450 pixels with a pixel size of 0.1 mm. The DAC experiments cannot reverse strain but can achieve much higher pressures and temperatures. Temperature was increased by combined resistive and laser heating [25] . Axial plastic strain is difficult to estimate for DAC experiments due to the small sample size, the effect of the confining gasket material, compaction of the original sample, and the geometry of the DAC and gasket. According to studies of texture development in previous DAC experiments, it is estimated that axial strain of 20%-25% may be reached at 20 GPa [21, 24] .
Diffraction data from both experiments were analyzed by the Rietveld method implemented in the software MAUD [26] , which uses a least-squares approach to minimize the difference between experimental diffraction data and a calculated model based on crystal structure and microstructural characteristics. Figure 2 (a) displays stacks of experimental diffraction patterns for Zr at different conditions for the D-DIA experiments and Fig. 2(b) shows corresponding patterns for the DAC experiments. The variation of intensity with azimuth (vertical axis) immediately reveals crystallographic preferred orientation. Sinusoidal variations in peak positions result from elastic distortion of lattice planes due to deviatoric stress imposed by the D-DIA or DAC on the sample. The pressure was determined by fitting unit cell parameters of Zr with a third-order Birch-Murnaghan equation of state (Table I) . Values for bulk modulus (K 0 ) and pressure and temperature derivatives for Zr were taken from Zhao et al. [7] . Uncertainties are estimated to be 0.2-1 GPa with higher values for high pressures. Details of the experiments are summarized in Table I , and experimental paths in pressure-temperature space are shown in Fig. 1 . Orientation distribution functions were computed in MAUD based on intensity variations in Debye rings (Fig. 2) . For both D-DIA and DAC experiments, we imposed axial strain and thus expect axial symmetry of the texture pattern. Inverse pole figures (IPFs), which describe the orientation of the compression axis relative to the crystal coordinates [labeled in Fig. 3(a)-8 Fig. 3 .
In D-DIA experiments the initial Zr wire sample showed a typical hcp wire texture with maxima centered at 11 20 and 10 10 [ Fig. 3(a)-8 ]. After compression to 2.5 GPa at 200 C and shortening to 13% strain, the maximum pole distribution shifted to 0001 [ Fig. 3(a)-9] , mainly due to tensile twinning and basal slip [21] . With further pressure increase to 3 GPa the ! phase started to nucleate [ Fig. 2(a)-12] , with a maximum at 11 20 in the IPF [ Fig. 3(a)-12] . The metastable phase gradually disappeared, especially after increasing temperature to 300 C [ Fig. 2(a)-15] . Pressure was then reduced to 1.1 GPa, maintaining the ! phase without significant changes in phase or texture. At that point temperature was increased to 400 C, inducing a reversion of the metastable ! phase to the stable phase [ Fig. 2(a)-29] with an texture identical to the previous texture [i.e., a main maximum at 0001 and a subsidiary maximum at 11 20, Fig. 3 (a)-9 versus 3(a)-29]. This phenomenon documents a perfect memory after cycling through the ! phase. The temperature was then reduced again to 300 C and pressure increased to 4.5 GPa to return to the ! phase. Next the sample was strained to 50% in compression, inducing a Fig. 2(a) . b Shown in Fig. 2(b) . Fig. 3(a)-38] .
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Analogous changes were observed in DAC experiments. To account for kinetic barriers during the phase transition, resistive heating to 200 C was applied [25] . A strong texture with a 0001 maximum in the IPF, similar to the D-DIA experiment [ Fig. 3(a)-9 ], developed at 3 GPa [ Fig. 2(b)-2 and Fig. 3(b)-2] . At 5 GPa the ! phase started to evolve and coexisted with a metastable phase [ Fig. 2(b)-6 and 8] . At higher pressure ($12 GPa), only ! was present [ Fig. 2(b)-13] and had a maximum at 11 20 in the IPF [ Fig. 3(b)-13] , just as in the D-DIA experiments. Temperature was then increased, first by resistive heating up to 800 C, and later combined with laser heating to 1500 C [25] . There was considerable grain growth, and the pattern became spotty with no clear preferred orientation [ Fig. 2(b)-22 ]. In the DAC experiments at higher temperature, stresses and strain are minimal and textures became randomized. Ultimately the material transformed to [ Fig. 2(b) -33] but with no clear texture pattern due to coarse grain size.
Contrary to earlier studies that relied on single crystal x-ray [1] , electron microscopy of recovered ! crystals [16] , and first principle predictions based on bonding energies [18] , our investigation is the first analysis to explore the orientation relations of aggregates in situ during pressure and temperature changes. Also, we use Zr rather than Ti on which most previous work was done. The IPFs document a strong orientation relationship between the parent texture [ Fig. 3 Fig. 3(a)-29 ]. This suggests a purely martensitic phase transition. Because of kinetic barriers the phase transitions could only be observed in situ at moderate temperatures, at least within the explored pressure range. Based on the D-DIA and DAC experiments, it appears that the transition occurs at $200 C at 3.5 GPa, consistent with the phase diagram [27] .
Orientation relations are best visible in pole figures (Fig. 4) . It is apparent that Silcock's [1] suggestion of ð0001Þ jjð11
20Þ ! for Ti applies to the texture patterns of Zr in our experiments. Silcock's second condition ½11 20 jj½0001 ! is more difficult to establish with a fiber texture and an initial (0001) maximum in the fiber direction. Pole figures are not congruent with this relation, but rather a ½10 10 jj½0001 ! relationship. This aspect should be further studied with different starting textures. The texture memory implies that the same relationship applies for the reverse transition. In the phase diagram (Fig. 1 ) the different structures are plotted relative to using the Burgers relation [20] for and the Silcock relation [1] for !. Close structural similarities can be recognized which have been discussed previously [16] . The observed ð0001Þ jjð11
20Þ ! correspondence in Zr does not exclude that different relationships may exist for Ti and Ti alloys proposed on the basis of bonding-energy considerations [11] , though there is no experimental evidence.
Further deformation of the ! phase at 5 GPa and 300 C to 50% axial shortening with the D-DIA changes the orientation pattern, with the IPF maximum shifting to (10 10) [ Fig. 3(a) -38] due to slip systems being activated by the increased strain. Plausible deformation mechanisms can be obtained by comparing experiments with polycrystal plasticity simulations. Using the Los Alamos viscoplastic self-consistent model (VPSC) [28] , trying different combinations of slip systems and changing their activities, we find that a combination of prismatic slip f11 20gh10 10i, i.e., dislocations in the f11 20g crystallographic planes propagate in the h10 10i direction, combined with basal slip ð0001Þh10 10i best explains how lattice planes rotate to produce the observed texture pattern [ Fig. 3(c)-VPSC] .
Methods developed in mineral physics for high pressure deformation experiments and data analysis shed new light on phase transitions and deformation mechanisms of transition metals. In the future similar methods should be used to investigate different starting textures of Zr, Ti, and Hf and experimentally explore the potential influence of composition and impurity content.
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